Abstract: Considering the free-carrier dispersion effect at the limit of a single photoexcited charge carrier pair suggests the possibility of realizing single-photon detection through a high-Q/V semiconductor cavity.
Introduction
Despite the central importance of photodetection to a variety of optical technologies, a single photodetector that simultaneously excels in a variety of performance metrics -including low timing jitter, low dark count rate, high count rate, photon-number-resolution, and low power consumption -is an outstanding goal. Traditional electronic photodetectors, which rely upon the amplification of photoexcited charge carriers in the electronic domain, are commonly the performance-limiting component of both classical and quantum optical technologies due to their reliance upon semiconductor carrier dynamics and limited electronic bandwidths. These fundamental limitations can potentially be overcome by minimizing the system's dependence upon electronic effects and equipment. To that end, we propose a stark departure from traditional approaches by translating the electronic amplification of photogenerated excitations in semiconductors into the optical domain, which inherently maintains the notable benefits of photonic technologiesnamely large signal bandwidth, nearly zero thermal noise, and low-loss transmission.
In the proposed detection technique, illustrated in Fig. 1(a) , a photoexcited charge carrier pair is generated within a solid-state medium when an incident signal photon is absorbed ( Fig. 1(b) ). If positioned within a photonic nanocavity, the excited charge carriers produce a free-carrier dispersion effect that shifts the cavity resonance frequency nearly instantaneously ( Fig. 1(c) ). When continuously interrogated with a sub-bandgap probe, this resonance shift can be read out as a phase shift Δφ of the transmitted probe field which can be detected using homodyne or heterodyne methods with high-speed PIN photodetectors ( Fig. 1(d-e) ). This cavity-based readout produces all-optical gain: the absorbed photon produces a cavity shift that is converted into a many-photon output field via the changed cavity transmission. Here, we analyze the magnitude of this gain to determine the feasibility and experimental requirements of achieving single-photon detection with this methodology.
Single-and Coupled-Cavity Architectures
We consider two potential cavity architectures for the readout process. The simplest configuration ( Fig. 1(d) ) consists of: 1) a single signal cavity, similar to that of Fig. 1(a) , to amplify the phase shift generated by the photoexcited charge carriers; and 2) a homodyne or heterodyne receiver to measure the phase shift of s 11− , the probe light leaving the cavity. For the coupled-cavity approach ( Fig. 1(e) ), the coupling rates into and out of the tunnel (a 1 ) and signal (a 2 ) cavities are optimized to generate a Fano interference spectra, which magnifies the effect of the small resonance shift induced by a single signal photon. This effect has previously been used to demonstrate dynamic controllability of the quality factor of a photonic crystal cavity [1] .
Detector Performance
For the single cavity architecture, we estimate the steady-state resonance shift resulting from a single electron-hole pair to be ΔΩ/Γ = −(Δn/n)Q ≈ −(Q/n)σ (ΔN · cm 3 ) 0.84 , where Γ is the cavity linewidth, σ the free-carrier dispersion coefficient (1.53 × 10 −18 for Si [2] ), ΔN = k/V the change in hole concentration, k the number of photogenerated electron-hole pairs, and V the effective cavity mode volume. For a single absorbed photon in a Si photonic crystal nanocavity with V ∼ 0.1(λ /n) 3 = 1.4 × 10 −14 cm 3 at a probe wavelength of 1550 nm, the fractional cavity shift is thus ΔΩ/Γ ≈ 2 × 10 −7 Q. As discussed below, a sufficiently strong probe output is achievable with ΔΩ being only a small fraction of Γ, which reduces the necessary value of Q to be on the order of 10 5 . This requirement is readily achievable with current state-of-the-art fabrication techniques, which have demonstrated intrinsic Qs of ∼ 10 7 in PhC cavities with ∼ (λ /n) 3 mode volume [3] and alternatively Qs of ∼ 10 5 with mode volumes reaching ∼ 10 −3 (λ /n) 3 [4] . Notably, dark counts resulting from non-idealities such as temperature fluctuations and thermal excitation of free carriers are found to be negligible, while multiphoton absorption is determined to be the principal contribution.
To evaluate the time-domain response of the detector, we employ a temporal coupled mode theory approach [5] to numerically simulate the single-and coupled-cavity architectures depicted in Fig. 1(d,e) . By optimizing the number of output probe photons for a given PIN detection time as a function of the cavity coupling rates, the single photon gain -the number of output probe photons generated from the absorption of a single signal photon -can be determined as a function of input probe power (Fig. 2(a-b) ). The results demonstrate that, given a 1 mW probe power for the coupled cavity architecture, ∼35 probe photons are output within 10 ps, yielding a detection efficiency-induced BER of less than 10 −15 Hz assuming shot-noise limited detection. The optimized numerical simulations also reveal that the required cavity Qs are experimentally feasible (Fig. 2(c) ). Since the resonance shift depends upon the number of absorbed signal photons, the detector can also achieve photon-number-resolution as, for example, demonstrated by the well-separated Poisson distributions in Fig. 2(d) . Overall, these initial calculations and numerical simulations demonstrate the ability to realize single photon detection with a tuned nanophotonic cavity arrangement. Fig. 2 . Photodetection performance metrics. (a-b) Single photon gain as a function of input probe power and detector integration time for the single-(a) and coupled-cavity (b) architectures. We find that the required optimized quality factors (c) are experimentally feasible and that the detector can achieve single-photon-resolution for a few-photon input.
